The nucleotide sequences of a short fragment of the envelope protein gene encoding amino acids 25 to 89 of 27 dengue 3 viruses were determined by direct sequencing of PCR-amplified products, and the viruses were compared regarding their time of isolation and geographic distribution. Four distinct genotypic groups were discerned at 6 % divergence between nucleotide sequences. The first group contained isolates from the South Pacific (1988 to 1992), Singapore ( 
Dengue viruses produce a spectrum of illness varying from acute fever (dengue fever or DF) to more severe syndromes, dengue haemorrhagic fever (DHF) and dengue shock syndrome (DSS). The global distribution of dengue includes the Americas, Africa, Asia and the Pacific Islands. Differences in virus virulence have been postulated to be the primary risk factors involved in severe forms of the disease (Rosen, 1977) .
Dengue viruses are the only mosquito-borne flaviviruses involved in human diseases in the Pacific Islands. The Pacific-wide circulation of dengue 1 virus in 1943 to 1944 and 1975 to 1978 , dengue 2 virus in 1971 to 1974 and dengue 4 in 1979 to 1980 has been observed. Conversely, dengue 3 virus in 1964 and 1969 seemed limited to French Polynesia (WHO, 1986 . Usually, only one serotype is transmitted during epidemic and interepidemic periods. In recent years, dengue viruses have continued to spread in the Pacific region: dengue 3 virus on Niue (Tukuitonga & Maguire, 1988) and dengue 2 virus on Palau (Centers for Disease Control, 1988) . Between December 1988 and April 1991, a series of epidemics involving dengue 1 and dengue 3 viruses occurred in French Polynesia and New Caledonia and swept through the Pacific (Chungue et al., 1992 .
Dengue viruses contain infectious, linear ssRNA about 11 kilobases in length. The structural proteins are encoded by the 5' end of the genome and include a capsid protein (C), a non-glycosylated membrane protein (M) and a glycosylated envelope protein (E). Primer extension sequencing of the viral genomic RNA and direct sequencing of reverse transcriptase/polymerase chain reaction (RT/PCR)-amplified genes have provided new information on geographic distribution, origin and evolution among dengue viruses (Rico-Hesse, 1990; Deubel et al., 1993) .
In this paper, we study genetic relationships among 28 dengue 3 viruses, including the reference strain H-87 (Osatomi & Sumiyoshi, 1990) , distanced by time and geography (Table 1) . These strains were analysed by direct sequencing of RT/PCR-amplified fragments corresponding to the 5' terminus of the E protein gene. The origin of the recent isolates from the South Pacific has been assessed. Moreover, 22 strains isolated during the recent epidemic (1989 to 1990 ) and the endemic transmission (1992) of dengue 3 virus in French Polynesia from patients presenting different clinical manifestations were compared in an attempt to correlate genetic variations and pathogenicity.
All viruses were propagated once in C6/36 Aedes albopictus cell monolayers. The infected cells were (1990) .
processed for RNA extraction, cDNA synthesis and cDNA amplification as previously described (Deubel et al., 1990) . To recover viral RNA from serum, 10 lal of sample was treated using a silica extraction method as described elsewhere (Chungue et al., 1993) . Recent Polynesian strains were analysed both after one passage in cell culture and directly from viraemic sera. The amplified products were purified after electrophoresis on a 1% low melting point agarose gel by phenol extraction and ethanol precipitation. Two sets of sequencing reactions were carried out on the dsDNA by the dideoxynucleotide method using the genomic-sense dengue 3 specific nucleotide (nt) 47 to 71 primer, the antigenomic-sense nt 303 to 280 primer and T7 DNA polymerase (Sequenase, United States Biochemicals) as described previously (Deubel et al., 1993 • not shown). The amount of amplified material was sufficient for direct sequencing. A short run of the samples in a 6% polyacrylamide/bisacrylamide (38/2) gel allowed the reading of the nt 73 to 267 E gene fragment. Nucleotide sequences are shown in Fig. 1 . A comparison of these nucleotide sequences with a prototype strain, French Polynesia 1989a (F.P. 89a), did not identify areas of high sequence variability. Nucleotide changes occurred at a maximum of 50 positions (25.6 % of the gene fragment) and the majority of them were transitions (98'5%). Maximum divergence over the studied region was approximately 12% and corresponded to the distance between early (1964 and 1969) and recent (1989 to 1992) Polynesian dengue 3 strains.
Most of the mutations in the nucleotide sequence were located at the third position of the codon and were silent (Fig. 2) . A maximum of six amino acid substitutions (9 % divergence) were clustered within the C-terminal half of the protein (amino acid residues 50 to 87). Genetic relationships were measured and the resulting dendrogram shows that the 28 isolates, distanced by time and geography, fall into four clusters when a genotype is defined as a group of dengue viruses having no more than 6 % divergence within the studied region (Fig. 3) . The first group contained isolates from the South Pacific (1988 to 1992), Singapore (1973) and Indonesia (1973 Indonesia ( to 1991 . The second group comprised viruses from Asia (1956 to 1989) including the reference strain H-87. The third was composed of one isolate from Thailand (1971) , and the fourth included the early strains from French Polynesia (1964 Polynesia ( to 1969 and from Puerto Rico (1963). The limit was based on the clustering of virus isolates, for which linkages would be expected on epidemiological or serological grounds. Using 6 % as the cut-off point, we have demonstrated in a previous study a relationship between dengue 2 virus isolates when a similar E protein gene interval was analysed and have also confirmed the genetic classification established by Rico-Hesse (1990) by comparing a short nucleotide sequence in the NS1/E junction. These observations suggest that the variability within a limited fragment can reflect the overall changes in the entire gene.
Twenty-two dengue 3 virus strains isolated in patients from French Polynesia (1989 to 1992) were compared according to disease severity. Nine, 11 and one strains were isolated from DF, DHF/DSS (with five fatalities) and DSS cases, respectively. Comparison of nucleotide sequences revealed very close relationships between these isolates with a maximum of three nucleotides divergent (1.5 %). Only one mutation in strain F.P. 90b changed the conserved Lys64 to Arg. These strains clustered in six groups and the sequence of each representative is shown in Fig. 1 (F .P. 89 to F.P. 92) . Four of these groups were unique (F.P. 90a, F.P. 90b, F.P. 90c, F.P. 91) whereas Fig. 2 . Amino acid sequences deduced from the 195 nucleotides used for determining genetic relationships among 28 dengue 3 isolates. Dots indicate identities with the F.P. 89a prototype strain. The potential glycosylation site (N-X T) at position 67 is indicated by an asterisk. Strains were arranged into genotypic groups. The sequence for PHIL 56 was published by Osatomi & Sumiyoshi (1990). other strains composed the two other major groups (F.P. 89a, F.P. 92). Virus strains related to DHF/DSS or death clustered into three of the six groups (F.P. 89a, F.P. 90c, F.P. 92).
Direct sequencing of a limited portion of the E protein gene by using RT/PCR products provides a precise and rapid way to discriminate dengue viruses according to their genotype. Direct sequencing of the dominant population of PCR products reduced misincorporation errors by the Taq polymerase on the sequencing ladder. The error frequency of Taq polymerase is approximately 2x 10 4 per base duplication (Keohavong & Thilly, 1989) . Furthermore, the access to virus genes without adaptation in cultured cells avoids mutational selection which may occur during passaging; direct sequencing of the RT/PCR products of 22 recent Polynesian strains recovered in serum samples and in infected cell cytosol after one passage did not show any nucleotide change (data not shown). This result did not preclude that mutations may have occurred elsewhere in the genome but confirmed the reliability of the sequence chosen for molecular epidemiological studies and to follow strain evolution.
Only limited genetic information on dengue 3 viruses is available (Osatomi & Sumiyoshi, 1990; Lewis et al., 1992) . Our results on a short fragment of the E protein gene provided data on the variation among geographically distinct isolates thus allowing their genotypic grouping. A close genetic relationship was demonstrated between recent isolates from the South Pacific (N.C. 88 to F.P. 92), Singapore (SING73) and Indonesia (INDO 73, 74) (96"9 to 98"5 % similarity). The variation rate between 1973 and 1991 isolates from Indonesia over an 18 year time-span was low (0.12% per year). Clustering of early strains from the Philippines with recent strains from Southeast Asia also suggests a low variation rate over time within a genotype. For instance, This confirms the diversity of the strains which circulate concomitantly in this endemo-epidemic area (Walker et al., 1988) .
It is unlikely that the 12.3 % divergence between early (1964 to 1969) and recent (1988 to 1992) isolates from the South Pacific results from genetic mutation which may have occurred in remnant endemic strains since (i) no dengue 3 strains have been isolated within a 20-year period, and (ii) the average change per year observed in these strains (0.5%) is higher than expected (0.1 to 0"2 %). Therefore, it is likely that the recent epidemics in the Pacific region are due to the introduction of a new variant virus rather than the re-emergence of a strain derived from mutation through silent transmission. For instance, air travel between Pacific Islands and the endemo-epidemic region of Asia may have facilitated the introduction of this new genotype. Of interest is the sequence similarity with the recent Polynesian strains of a New Caledonian strain (N.C. 88) recovered 4 months before the recognition of the epidemic in New Caledonia in January 1989. Although strains from recent epidemics in Vanuatu or the Cook Islands were not available for analysis, these results suggested that dengue 3 epidemics in the Pacific emerged from New Caledonia after several months of latency.
The 1964 to 1969 Polynesian strains were closely related to the Puerto Rican strain P.R. 63 (98-6% similarity). Interestingly, such a relationship was originally suggested by Russell & McCown (1972) using serological analysis. Previous sequence analysis of dengue 2 virus strains showed relatedness among Puerto Rican strains from 1973 and isolates in 1975 from French Polynesia (Rico-Hesse, 1990 ). These observations suggest possible virus exchanges between the South Pacific islands and the Caribbean have occurred.
Nucleotide sequence analysis of a short fragment in the E protein gene provided genotypic groupings consistent with epidemiological data. It allowed us to trace the introduction of dengue 3 viruses in the Pacific islands following the main air travel connections from New Caledonia to its immediate neighbours. However, no relatedness between nucleotide sequence and disease severity could be demonstrated. Furthermore, we were not able to differentiate strains isolated during the epidemic with mild disease in New Caledonia from strains associated with severe disease in French Polynesia. As only a small portion of a single gene has been analysed, data should be obtained for the entire gene to investigate its relationship to disease severity.
